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1.1 Gold nanoclusters 
Since the ancient times, gold has been given a great value for its beauty as well as 
its unique physical and chemical properties. However, for catalytic purposes, bulk gold 
is always being regarded as inactive
[1]
 and its use is limited to decorating materials or 
ornaments because of its high ionization potential, and accordingly gold has a poor 
affinity towards molecules. Through a number of theoretical and experimental 
investigations, it was demonstrated that no dissociative adsorption of small gas 
molecules like H2 and O2 occurs at low temperature,
[2,3]
 therefore, Au should not be 
catalytically active for hydrogenation and oxidation reactions.
[4,5]
 Since it was realized 
that the bulk properties of materials change drastically as their sizes decrease from the 
bulk material to small clusters
[6]
 and proper control of these properties can lead to a new 
science (Figure 1),
[7]
 nanometer sized gold clusters have attracted attention of 
researchers
[8-11]
 and opened up a wide research area in chemistry. Since then, gold 
nanoclusters (Au NCs) have been extensively used as active catalysts in several 
oxidation, hydrogenation and addition reactions.
[12-21]
 Besides the size, stability of Au 
NCs also largely determines the catalytic activity. Because, naked colloidal 
nanoparticles are thermodynamically unstable and show poor long-term stability due to 
agglomeration, the stabilization of such particles is essential which can be achieved by 
coordination of Au NCs to ligands/anionic species, polymers or by supporting them on a 
solid surface. For these purposes, several types of Au NCs stabilized on polymers, metal 
oxides and carbon materials has been developed and used until recent years.
[22-27]
 Metal 
NCs suspended in solution are often used as effective heterogeneous catalysts due to the 
advantages of simplified isolation of product, their facile recovery and excellent 
recyclability which renders metal nanocatalysts environmentally friendly.  
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    Although there still has much controversy concerning the nature of the active sites 
of gold NCs catalysts, it has been accepted that the size, dispersion level of the 
nanoclusters and the interaction between Au clusters and the support are key parameters 
determining the performance of the supported Au NCs. Significant efforts have been 
invested in preparing well defined NCs, but, an in-depth understanding of the origin of 
the size dependence of nanogold catalysts is still lacking and identification of active 
species is difficult due to the wide size distribution of conventional nanoclusters. 
 
1.2 Activity of gold nanocusters in catalysis  
It has been reported that the high activity of nanocatalysts is attributed to several 
important factors, including the high surface-to-volume ratio, surface geometric effect 
 
Figure 1: Development of novel catalysts based on metal clusters (reprinted from 
reference 7b). 
4 
 
(e.g., surface atom arrangement and low-coordinated atoms), the electronic effect, as 
well as the quantum size effect and interaction with the supporting material.
[28]
 The 
properties of Au NCs differ significantly from their behavior in bulk condition because 
on reducing a matter to the nanoscale, its relative surface area increases and the 
size-dependent properties begin to dominate. It is known that the size of the Au NCs is 
one of the key factors for the catalytic activity and selectivity in the aerobic oxidation 
reactions
[22]
 and that the best performance is exhibited by the small gold clusters (2-10 
nm). In this context, the efficient catalytic activity of gold nanoparticles supported on 
inorganic oxides has attracted increased interest since the pioneering work of Haruta 
and co-workers.
[10]
 A series of publications relating CO oxidation by gold
[29–45,12]
 had 
opened up the opportunity to other reactions of practical interest such as selective 
alcohol and olefin oxidations,
[46–53,13]
 C–C coupling reactions,[54-57] water gas shift,[58] 
direct synthesis of hydrogen peroxide from H2 and O2,
[59]
 and selective hydrogenations 
of olefins
[60–63]
 and aldehydes.
[64–68]
  
It has been suggested that the increasing activity of gold catalysts with decreasing 
gold particle size is related to the higher concentration of low coordinated gold atoms in 
the smallest particles. For example, the activity for hydrogenation of gold catalysts is 
directly related to the number of low coordinated gold atoms
[69,70]
 where H2, as well as 
other reactants like O2, CO or NO, are more strongly adsorbed and activated. Especially, 
there are several reports concerning the higher catalytic activity of gold nanoparticles 
supported on reducible oxides such as TiO2, Fe2O3 or CeO2.
[10,29–33,36,37,71]
 Supported 
gold catalysts are exceptionally active for several reactions, however, to understand the 
mechanism of even relatively simple reaction such as oxidation reaction of CO is very 
difficult due to complex interaction of NCs with support and whether the role of the 
support is limited to the stabilization of small particles, to involve in the formation of 
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cationic gold surface sites or to participate in the activation of reactants is still under 
debate.
[72–75]
 Since, the nature of the active sites remains obscure (Figure 2), detailed 
mechanistic studies have yet to be investigated.  
 
In general, the activity of Au NCs are dependent on electronic interaction between 
clusters and solid support or stabilizing polymer/ligand as discussed earlier, which can 
be inhanced by modification of solid support or stabilizers (Figure 3). An alternative 
method to enhance the activity of Au NCs is impurity doping of another metal which 
modifies the electronic properties of Au NCs surface enhancing its activity towards 
several reactions. Activation of Au NCs surface directly relates to mode of adsorption 
and activation of molecules like O2 or CO, which can directly participate in reaction as 
well as generation of more active Au sites as a result of adsorbed species. The catalysis 
by Au is unique, however, several concerns about nature of catalytically active site is 
still an unresolved problem. 
     
Figure 2: a) Schematic representation for CO oxidation pathways over Au/TiO2 and 
possible existence of active sites b) energy profiles for the CO oxidation on a Au10 
cluster (reprinted from reference 49). 
 a)                                 b)              
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Selective oxidation reaction is an area in which gold can play a significant role in 
the development of new “green” technologies using molecular oxygen.[2,46] When 
dealing with oxidation reactions, one of the most important issues to be considered is O2 
activation and/or dissociation. Many experimental and theoretical studies have been 
carried out showing the key role played by the metal oxide or hydroxide support
[76]
 and 
by special Au sites at the metal–support interface[77] to activate molecular O2. However, 
there is also evidence that Au NCs supported on inert materials are able to catalyze a 
number of oxidation reactions, and in this case, particle size determines catalyst activity. 
For example, Au NCs smaller than 2 nm stabilized by poly(N-vinyl-2-pyrrolidone)
[22]
 
show good catalytic performance in the aerobic oxidation of alcohols.  
Mechanism of O2 activation by Au NCs is the most important but the least 
understood phenomenon yet, so, it must be studied in detail. Several theoretical 
calculations regarding activation of O2 has been carried out specially on the model 
cluster representing cationic Au NCs supported on oxide such as CeO2. The dissociative 
adsorption of O2 has been considered (Figure 4) and in such mode of O2 activation, gold 
support interface and particle morphology rather than particle size plays a dominating 
role in the catalytic properties of gold. However, it cannot be considered for all the 
cases because only the presence of low-coordinate Au atoms, strong adsorption of 
molecular oxygen on Au NCs is a necessary but not sufficient condition for O2 
 
Figure 3: Schematic representation of possible routes to activate Au NCs 
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dissociation, there is a critical size for Au NCs to dissociate O2.
[28b]
 
 
On the other hand, activation of molecular O2 by PVP stabilized small anionic gold 
cluster in the form of superoxide has been reported, too (Figure 5).
[22,78,79]
 Such 
activated oxygen takes part directly in several oxidation reaction or helps in activation 
of Au NCs surface for other types of lewis acid catalyzed reactions such as oxidative 
homocoupling
[78]
 and intramolecular addition of alcohol/amine to alkene.
[22c,79]
 It is 
widely accepted that the activation of molecular oxygen (O2) is a crucial step for the 
aerobic oxidation reaction over gold catalysts, as shown in theoretical studies.
[80,81]
 In 
small Au clusters and rough surfaces, the highest occupied molecular orbital of gold is 
localized and its charge density sticks out in the vacuum, facilitating electron density 
transfer into the π*-orbital of O2 and inducing the binding of O2 to gold. The electronic 
charge transfer from gold cluster to the adsorbed O2 in the form of peroxo- and 
superoxo-like species are capable of selective oxidation of many chemical substances. 
 
Figure 4: Optimized structures of O2 interacting with Au38, Au13, Au5, and Au3 
clusters, and correlation between optimized O–O bond length and charge transferred 
to O2 (reprinted from reference 28). 
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    Therefore, it is the most important to attain atomically precise Au NCs and use 
such NCs as well defined catalysts. By solving the atomic structure of the NCs, precise 
correlation between catalytic properties and the exact atomic structure of the NCs can 
be made and detail information about the factors that controls the surface activation, 
nature of surface active sites, their structure and catalytic mechanism can be achieved. 
For that purpose, colloidal Au NCs stabilized by weakly coordinating polymers such as 
PVP has been developed as a model catalyst. The Au:PVP clusters not only work as 
practical quasi-homogenous catalysts for aerobic oxidations but also provide an ideal 
opportunity to address several fundamental questions regarding the nature of 
catalytically active sites including the reaction mechanism without considering the 
direct effect of stabilizer. Moreover, the convinient wet chemical method of preparing 
small sized (1.3-10 nm) monodispersed Au:PVP clusters enabled the study of 
size-dependent catalytic activity and the nature of the active sites.  
Theoretical methods are capable of analyzing the possible contributions to the 
enhanced activity of Au NCs. Especially, density functional theory (DFT) calculations 
can provide a clearer insight into the activity of Au NCs. The model that represent 
colloidal nanogold stabilized by weakly coordinating polymer could be a simple model 
for obtaining the contributions from the finite size and shape effects of the gold particle 
 
Figure 5: Mechanism for the activation of molecular oxygen by Au cluster in Au:PVP 
(reprinted from reference 22d and reference 78). 
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without including the complicated effects from the support in a subsequent reaction 
steps. This will allow the easy identification of the different aspects involved in the 
catalysis by gold and provide the detail information about the contributions of the 
different factors such as structure and composition of the system. 
 
1.3 Colloidal gold nanocusters in catalysis 
Metal NCs can be stabilized by polymers through the steric bulk of their 
framework. Polymers play the role of ligand by weakly coordinating to the cluster 
surface through heteroatoms.
[82]
 In the core/shell metal NCs, a polymer layer may be 
physically
[83]
 or chemically
[84]
 bound to metal core. Polymer-stabilized metal NCs are 
homogenously dispersed in reaction medium with reactant and products, hence known 
as quasi-homogenous catalyst. Au NCs which are quasi-homogenously dispersed in 
medium has attracted tremendous interest of researchers due to their high catalytic 
activities and selectivities towards the desired product. The coordinatively unsaturated 
metal atoms in the cluster are exposed for catalysis, hence, strongly bound protective 
agents hinder the reaction site.
[85]
 
In order to understand the origin of catalysis and the reaction mechanism, Au 
clusters stabilized by weakly interacting polymers such as PVP were developed. This 
model catalyst is free of any noticeable influence from the stabilizer on the intrinsic 
properties of the clusters. Through a series of publications it has been demonstrated that 
the Au NCs stabilized by a hydrophilic polymer PVP (Au:PVP) clusters dispersed in 
water act as real-world catalysts under mild conditions for aerobic oxidations, 
homocoupling of arylboronic acids, H2O2 formation from ammonium formate
[22,78,86]
 
and so on (Figure 6). The protective agent such as PVP not only has a major role to 
stabilize the gold cluster protecting from agglomeration but also has an additional role 
10 
 
to donate electron for Au clusters. After careful characterization of Au:PVP, it was 
revealed that Au clusters are negatively charged by electron donation from PVP, due to 
which it act as ideal catalyst for aerobic oxidation reactions. It has been proposed that a 
superoxo-like species generated by adsorption of molecular oxygen on the cluster 
surface plays a key role in these oxidation reactions. The hetero-junction effect between 
PVP and gold clusters has been theoretically studied by Okumura et al.
[87,88]
 as an 
electron donor to the gold clusters, whose catalytic activity is affected by the adsorbed 
PVPs. 
 
Figure 6: Oxidation reactions catalyzed by Au:PVP (reprinted from reference 7b). 
 
1.4 Bimetallic nanoclusters 
Bimetallic NCs, composed of two distinct metal elements, are emerging as a new 
class of materials.
[89]
 They usually show a combination of the properties associated with 
two different metals.
[90]
 Bimetallic NCs are of wide interest since they lead to many 
interesting size-dependent electrical, chemical, and optical properties and are 
particularly important in the field of catalysis because, going from monometallic to 
bimetallic nanoparticles there is a great enhancement in specific physical and chemical 
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properties of bimetallic NCs due to synergistic effects.
[91]
 Gold is very useful as an 
alloying metal and has been used in conjunction with various metals such as palladium 
and platinum due to their similar lattice constants. The structure of bimetallic 
combination (Figure 7) depends mainly on the preparation conditions and the 
miscibility of the two components. 
 
Alloys are an important class of catalysts as they exhibit enhanced catalytic 
activities and selectivities as compared with their single-metal constituents (Figure 
7).
[93]
 Among alloy catalysts, Pd–Au has received a great deal of attention because of its 
superior activity in a number of reactions.
[94-97]
 Alloying induces multiple changes in 
the physical and chemical properties of the metallic components that are directly 
concerned with the catalytic properties. Two alloy effects are significant: (1) ensemble 
effects, i.e., a finite number of atoms in a particular geometric orientation that are 
required for facilitating a particular catalytic process; and (2) ligand effects, i.e., 
electronic modifications resulting from hetero-nuclear metal–metal bond formation. 
Furthermore, bimetallization can result in stabilization of nanoclusters when one metal 
acts as stabilizer for the another, preventing aggregation (Figure 8).
[96f]
 Such 
stabilization effect is scarcely understood experimentally and theoretically. 
 
Figure 7: Bimetallic NCs with different structures: a) core/shell, b) heterostructure; 
c) intermetallic or alloyed structures. (reprinted from reference 92). 
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1.5 Objectives 
Theoretical modeling is a powerful tool to get information about fundamental 
aspects of catalysis, such as identification of active sites in catalysts and determination 
of reaction mechanisms. A detailed knowledge of the mode of adsorption and activation 
of reactants and reaction intermediates, of the energy barriers that have to be overcome, 
and the nature of the active sites involved in each elementary step of the overall process, 
including the desired reaction and the competing routes leading to byproducts, is 
necessary to design highly selective catalysts. So, the objective of this thesis is to 
analyze the origin of high catalytic activity and to investigate nature of the active sites 
generated on small unsupported Au NCs due to adsorption of molecular oxygen, and to 
establish their role in reactions of fundamental and industrial interest such as alcohol 
oxidation and homocoupling of phenylboronic acid from a theoretical point of view. 
The common feature of these apparently different reactions is that they are catalyzed by 
Au NCs smaller than 2 nm in the presence of molecular O2, suggesting that similar 
active species might be involved. In addition, a comprehensive study to illustrate the 
origin of several bimetallic effects and its mechanism that cause difference in catalytic 
 
Figure 8: a) Comparison of the catalytic activity of Au/Pd, Au, Pd and Pd/Au alloy 
NCs for aerobic glucose oxidation (reprinted from reference 95a), b) recycling study 
for sonogashira cross coupling reaction.                                                                                      
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activity of bimetallic NCs compared to monometallic ones is another goal of this thesis. 
A detailed mechanistic study that addresses the influence of the gold cluster size and 
morphology in the nature of active site is helpful to design a new generation of more 
active gold catalysts. 
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2.1 Introduction 
Among the different reactions, selective oxidation of alcohols to carbonylic 
compounds is one of the most important transformations in organic chemistry. It is the 
ultimate goal for metal nanocluster catalysts to be able to perform this reaction under 
ambient conditions at atmospheric pressure and room temperature. Au NCs stabilized 
on weakly coordinating porymer, solid support or other types have been found to be an 
effective catalyst for this reaction. In the case of solid-supported Au NCs, there are 
several reports about the synergetic effect between Au and metal oxide support, CeO2 
for example, which boost the catalytic activity in alcohol oxidation reaction. It was 
proposed that the lattice oxygen vacancies found abundantly in nanoparticulated ceria 
enhances the activity of the support by favouring interaction and dissociative 
chemisorption of molecular oxygen
[1,2]
 that take part in reaction directly. So the 
mechanism of reaction is totally dependent on the type of catalyst used. 
It was demonstrated that the activation of O2 by Au/PVP is the primary step for 
aerobic oxidation of alcohols.
[3-5]
 The small gold clusters with sizes of 1–5 nm shows 
best catalytic activity. Previous experimental and theoretical studies have revealed that 
cluster anions (Aun
–
) with small even-numbered (n = 40 ≤ 14) and magic (n = 18, 20) 
sizes can generate superoxo-like species via electron transfer from the highest occupied 
molecular orbital (HOMO) of the gold cluster, which is negatively charged by electron 
donation from PVP, to the lowest unoccupied molecular orbital (LUMO) of the O2 
molecule.
[6-11]
 This species subsequently activates the oxidation reaction of alcohol to 
the corresponding aldehydes and ketones, as well as carboxylic acids.
[12,13]
 Another 
reaction mechanism has recently been proposed by Chechik and co-workers.
[14]
 By 
using EPR spectroscopy and spin-trapping experiments, they showed that polymer 
encapsulated gold nanoparticles promote oxidation reaction. The hydrogen in the spin 
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adduct (Au–H) originates from cleavage of the C–H bond in the alcohol molecule to the 
gold surface. The role of oxygen in this mechanism is to restore the catalytic activity 
rather than to oxidize the alcohol. Some theoretical investigations explain about the 
alcohol oxidation rection mechanism on the basis of dissociative adsorption of 
molecular oxygen on Au surface forming surface oxide like species.
[2b]
 Nevertheless, 
the electronic mechanism or reaction pathway of aerobic oxidation remains a subject of 
considerable debate (Figure 1) and is yet to be fully understood. So detailed 
investigation of reaction mechanism is necessary and for that purpose selection of 
suitable model of the Au cluster that represent Au:PVP system is very important. 
 
In this chapter, mechanism of the gold catalyzed aerobic oxidation of methanol to 
formic acid was systematically investigated on Au8
−
 and Au20
− 
cluster which can be 
regarded as a model for Au/PVP using density functional theory (DFT) to analyze the 
origin of high catalytic activity, especially the geometry of small gold clusters and to 
investigate nature of the active sites generated on the surface as a function of oxygen 
adsorption and to know their role in the reactions.  
 
 
Figure 1: Proposed catalytic cycles for aerobic oxidation of alcohol indicating 
different role of O2. 
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2.2 Calculation details 
For the theoretical model of Au NC:PVP system, the anionic Au20 NC was used 
including the effects of the surrounding PVP molecules
[15]
 on the energetics. In all our 
calculations, we employed a DFT with an M06 functional, which was recently 
recommended as a useful functional for simulating processes catalyzed by gold 
clusters.
[16]
 We adopted the scalar relativistic effective core potential (ECP) with 
double-zeta basis sets [3s3p2d] (LANL2DZ) for all the gold atoms. This ECP treats the 
inner shell of gold (Xe core) as an effective potential, and treats the 19 valence electrons 
in the outer shell (5s5p5d6s) explicitly. The 6-31++G (d,p) basis sets were applied for 
the hydrogen, carbon, and oxygen atoms. Six-component d-functions were employed in 
all the calculations. All the ground-state optimized structures were local minima. 
Vibrational analysis performed on the optimized structures contained no imaginary 
frequencies. We performed a fully relaxed structural optimization, where the doublet 
spin state was maintained in this state throughout all of the calculations. Unrestricted 
Kohn–Sham equations were employed for open-shell systems. All of the optimized 
transition state structures possessed only a single imaginary frequency. All the 
calculations were carried out using the Gaussian 09 software package.
[17]
  
 
2.3 Result and discussion 
2.3.1 Geometry of Au cluster 
The author selected Au8
−
 and Au20
−
 anionic gold clusters as the suitable model for 
the mechanistic study as these clusters show a strong decrease in its electron affinity 
(EA) compared to other gold clusters with up to 58 atoms (figure 1a).
[18]
 The low EA of 
Au8 and Au20 makes it energetically favorable for electron transfer to oxygen to occur 
during the aerobic oxidation process.
[19]
 The mono anion of the gold clusters were 
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chosen in accordance with previous studies of O2 adsorption on Aun
–
.
[19–24]
 Negative 
gold ions with an odd number of electrons bind O2 efficiently, whereas neutral and 
cationic Au clusters with an odd number of electrons are inert toward O2 (figure 1b).  
 
The geometric structures and mulliken charge were examined by taking into 
account the full structural relaxation of the gold clusters. The D2d structure for Au20
− 
and D4h structure for Au8
−
 are the most stable. This is in agreement with previous 
theortical and experimental findings that anionic gold clusters, Aun
−
, have planar 
structures for n ≤ 11, and for n = 12 transition occurs from 2D to 3D structures.[25] The 
optimized structure shows bond lengths ranging from 2.768 Å to 2.797 Å in Au8
−
 and 
2.771 to 2.959 Å in Au20
−
 which agrees well with previous experimental (2.79 Å) and 
theoretical studies (2.69 Å). The distribution of Mulliken charges indicates that high 
electron densities appear at the apex sites where the gold atoms are less coordinated 
(Figure 2), and the highly coordinated gold atoms have a lower electron density. Spin 
density is localized at the apex sites. 
 
Figure 1: a) Electron affinities of Au1-79 (reprinted from reference 18). b) 
Cluster-size dependence of the extent of reaction (reprinted from reference 19). 
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2.3.2 Adsorption of molecular oxygen  
Next, the adsorption site of O2
–
 on the Au8
–
 and Au20
–
 clusters were examined. 
Geometry optimizations of Au20O2
–
 were performed with the nine initial positions of O2 
(Figure 3a). The Au20
–
 cluster have two possibilities for adsorption of O2 on the long or 
short edge in the D2d structure. The fully relaxed structural optimizations was 
performed without any symmetry constraints for adsorption of a single O2 on Au20
–
 
because it was experimentally found that an anionic gold cluster that adsorbs one O2 
molecule does not adsorb a second one.
[19]
 The DFT calculations show that the 
adsorption energies of O2 on Au20
–
 are in the order of 6–17 kcal/mol (Table 1a). 
indicating both physisorption and chemisorption. The end-on adsorption (T1), with only 
one oxygen atom directly bonded to gold, has been found to be a stable adsorption 
complex on an apex of Au20
–
. This imply that O2 adsorption site depends not only on 
particle size, but also on particle morphology.
[14,25]
 The end-on adsorption has been 
frequently found in steps and defects involving low EA and low coordinated gold 
atoms.
[26,27]
 The most stable structure belongs to adsorption at the BR1 site, which is 
located on the edge of Au20
–
 and each oxygen atom in O2 directly interacts with a gold 
atom; in contrast, adsorption over the FCC and HCP hollow sites is energetically 
unfavorable. The calculated adsorption energies at the BR1 and T1 sites are -18.1 and 
Figure 2: The optimized structure of a) Au8
‒
 and b) Au20
‒
 with Mulliken atomic 
charges and the calculated spin density isosurface. 
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-13.7 kcal/mol, respectively, while those of FCC and HCP are -2.3 and -0.9 kcal/mol, 
respectively. For Au8
–
 cluster, T1 is the most stable adsorption complex with a 
calculated adsorption energy of –12.4 kcal/mol. On the other hand, the remaining 
optimized structures were found to be energetically unfavorable, showing that activity 
toward O2 adsorption was not observed (Figure 3b, Table 1b). 
 
            
Figure 3: Initial positions of O2 in the geometry optimization of a) Au20O2
‒ 
and (b) 
Au8O2
‒
 the optimized structures with considerable adsorption energies. Distances are 
shown in Angstroms (Å). 
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Based on the obtained results together with those reported previously,
[26,28]
 we 
consider that O2 prefers to adsorb on the edge and the apex of Au8
–
 and Au20
–
, where 
high electron densities normally appear. This finding also confirms that a rough gold 
surface is more active for the adsorption of O2 than a flat surface. Electron transfer 
accompanies the binding of O2 to Au20
–
, as can be seen in the decrease of Mulliken 
charges on O2, δq = –0.275 and -0.077 respect to free O2 in the BR1. Consequently, the 
O–O bond of the adsorbed O2 becomes longer and the vibrational frequency of the O–O 
bond is decreased. The O–O bond is elongated at all of the adsorption sites in between 
Table 1: Optimized geometrical parameters, calculated adsorption energies 
(EO2+BSSE), mulliken charge (qO1, qO2) and vibrational frequencies (freq.) of 
O‒O bond for various adsorbed sites of oxygen molecules on a) Au20
‒
 b) Au8
‒
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those of the experimental values of O2 (1.207 Å) and O2
–
 (1.347 Å) molecules.
[29,30]
 The 
vibrational frequencies of the O–O bond are also decreased. Moreover, the Au–Au 
distances at the adsorption sites are slightly increased, reflecting the interaction between 
Au20
–
 and O2. The similar results for Au8
–
 are shown in table 1b. At this point, one can 
expect that the electronic properties of the adsorbed O2 molecule are affected by 
electron transfer from Au20
–
, resulting in the formation of superoxo-like species. 
 
2.3.3 Cooperative adsorption with methanol 
The coadsorption complexes are formed by adsorption of methoxy species, which 
are normally generated in high pH solution for aerobic oxidation catalyzed by 
polymer-stabilized gold clusters and O2 on an Au8
–
 and Au20
–
 clusters.
[5,12]
 The reason 
for using the methoxy species is that experimentally, the primary and secondary 
aliphatic alcohols were readily converted into the corresponding carboxylic acids and 
ketones, respectively, only in the high pH conditions.
[31]
 None of the reactions 
proceeded in the absence of a base, in contrast to palladium or platinum-based catalysts 
indicating a different reaction mechanism and the oxidative addition of methanol on 
Au/PVP is also not favoured. 
For Au20
–
, four of the most stable O2 adsorption structures, BR1, BR2, BR3 and T1, 
were considered to study cooperative adsorption for the subsequent oxidation reaction 
Three structures A1–A3 are possible in the overall reaction (Figure 4 and Table 2), with 
the coadsorption energies ranging from -26 to -29 kcal/mol. At the local minima of the 
coadsorption, oxygen molecule keeps its molecular form and dissociative adsorption 
into atomic oxygen was not found. The coadsorption structures between methoxy 
species and O2 located at the same apex site, A1–A3, in show a pronounced cooperative 
effect in the activation of molecular oxygen. These coadsorptions cause a modification 
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of the electronic properties of O2. The O–O bond lengths of the adsorbed O2 are 
elongated from 1.289–1.294 Å to 1.351 Å and the corresponding vibrational frequencies 
of the O–O bonds are slightly decreased compared with those obtained for Au20O2
–
. The 
Mulliken charges on O2 are also increased. In contrast, the coadsorption complexes in 
which methoxy species and O2 were located at different apex sites or the high 
coordinated gold atom do not show such an effect. This suggests that in the former case, 
the interaction between methoxy species and Au20
–
 does not induce O2 bond 
dissociation; rather, it exhibits electronic charge transfer from Au20
–
 to O2, resulting in 
the molecular adsorption of O2 on Au20
–
 with the superoxo state that could facilitate the 
oxidation of methoxy species. 
 
 
                                                               
 
                            A1                                         TS_A1                                         B1 
 
                                                         
 
                             A2                                         TS_A2                                         B2 
                                                    
 
                              A3                                         TS_A3                                        B3  
 
Figure 4: Possible reaction pathways from methoxy species to formaldehyde on 
Au20O2
‒
 (kcal/mol). 
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In the case of Au8
–
, although the A2 complex is the most stable coadsorption 
complex, we did not select it as the initial complex for further study of the reaction 
between O2 and a methoxy species, because these two species are located far from each 
other. However, the second most stable complex (A1) shows the most pronounced 
cooperative effect in the activation of molecular oxygen, as discussed below. We found 
that coadsorption leads to a modification of the electronic properties of O2. Methoxy 
species readily adsorb on Au8
–
, resulting in a weakening of the O–O bond of O2. The 
O–O bond length of adsorbed O2 elongates from 1.277 Å to 1.305 Å, and the vibrational 
frequency decreases to 1253 cm
–1
 compared with the values on Au8O2
–
. 
 
 
Table 2: Calculated energies (kcal/mol) of adsorption complexes (Eads), transition 
states (ETS), products (Eprod) and activation barriers (∆Eact) involved in the reaction 
mechanism in Figure 4. 
 
 
 
 
Figure 5: the optimized structures of the coadsorption complexes of Au8O2
‒
 and 
methoxy with adsorption energies (kcal/mol) in parenthesis. Distances are in 
angstroms (Å). 
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2.3.4 Mechanism of the whole reaction 
The possible reaction pathways was examined on both Au8
−
 and Au20
−
 gold cluster. 
The proposed mechanism (Scheme 1, Figure 6) consists of formaldehyde formation as 
the first elementary step. The mechanism is initiated by the hydrogen abstraction of a 
methoxy species by a superoxo-like anion on the gold cluster, resulting in the formation 
of formaldehyde. At the TS_A1 structure, the C–H1 bond is elongated from 1.111 Å to 
1.317 Å, whereas the O1–H1 distance contracts to 1.260 Å. The decrease in the C–O3 
bond length to 1.359 Å indicates conversion into a carbonyl group. The structure of the 
gold cluster is also significantly affected by the reaction, and the orientations and local 
environment around the adsorption sites in all of the transition states are different. At 
the TS_A1 and TS_A3 structures, adsorbates are located on the edge and flat surface, 
respectively. The structural deformation at the apex site of the gold cluster leads to an 
increment in the negative charge on the oxygen and carbon atoms simultaneous with a 
decrease in the positive charge on the hydrogen atom of TS_A1 that is greater than for 
TS_A3. This implies that the charge distribution in TS_A1 is more pronounced than in 
TS_A3. This result can explain why the latter transition state is less stable than the 
former state. This step generates formaldehyde as the oxidation product. 
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Subsequently, the formaldehyde is activated by the hydroxyl group of a 
hydroperoxyl-like complex, or from base, leading to hydrogen abstraction producing 
formic acid through pathway I or II. In pathway I, the reaction is initiated by C–H bond 
dissociation of methoxy species with hydrogen transfer to a superoxo-like anion 
resulting in formaldehyde adsorbed on a hydroperoxyl-like complex (Au20OOH). Then, 
the reaction further proceeds via nucleophilic attack by the hydroxyl group of the 
hydroperoxyllike complex on formaldehyde, leading to a hemiacetal intermediate and 
atomic oxygen attached to the gold cluster. Subsequently, the formic acid is generated 
by hydrogen transfer from the hemiacetal intermediate to atomic oxygen and desorbs 
from the gold cluster in the final step. For another possible reaction pathway that may 
compete with pathway I, it was assumed that formaldehyde generated in the first 
elementary step desorbs from the gold cluster, and nucleophilic addition of the hydroxyl 
anion to formaldehyde occurs in basic solution. Consequently, this leads to the 
formation of a hemiacetal intermediate that then adsorbs on the gold cluster. Finally, 
formic acid and hydrogen peroxide are produced by hydrogen abstraction from that 
 
Scheme 1: Proposed reaction pathway for aerobic oxidation of methoxy species to 
formic acid.  
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intermediate and subsequent desorption from the Au cluster in the final step. 
 
We could not find a reaction pathway that involves direct hydrogen transfer to the 
surface of the gold cluster. In the presence of an Au–H intermediate, the O2 always 
desorbed from the gold cluster during the optimization. One possible explanation is that 
an electron occupying the singly occupied molecular orbital (SOMO) of Au cluster 
 
 
Figure 6: Energy profile diagram for methanol oxidation on Au20
−
 and Au8
−
cluster 
(Energies for Au8¯ in parenthesis). 
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prefers to form a sigma bond to Au–H rather than interact with the less stable LUMO of 
O2. The comparision between the energy diagram of Au8
−
 and Au20
−
 are shown in figure 
5. Comparing the activation energies between proposed reaction pathways, we found 
that the reaction preferentially occurs via TS_A1, requiring an activation barrier of 22.4 
kcal/mol. In this step, it appears that the geometric relaxation during the optimization 
and the charge contribution presented on the apex of Au20 are responsible for the 
observed reactivity. 
 
2.4 Conclusion 
In this chapter, it was found that, Au20
−
 is a better model for the study reactions 
catalysed by PVP-supported collidal gold NCs through mechanistic investigation of 
methanol oxidation reaction because of the low energy barriers for reaction as compared 
with Au8
−
. Adsorption of O2 in superoxide form activates Au NCs for adsorption of 
methoxy species and abstract hydrogen, leading to formaldehyde. 
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Application of Cluster Model to the Mechanistic Study of Reactions 
Catalyzed by Au:PVP 
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3.1 Introduction 
Biaryls, an important class of organic compounds, has become targets for many 
research groups due to its increasing application in pharmaceuticles, natural products, 
and agrochemicals
[1]
 and as ligands in catalytic reactions. The oxidative homocoupling 
of arylboronic acids in the presence of a transition-metal catalyst is among the best 
ways of synthesizing symmetrical biaryls.
[2]
 This coupling reaction between two 
nucleophiles requires the presence of molecular oxygen or a chemical oxidant. 
Palladium is the metal predominantly used in catalysts for this reaction,
[3]
 however, 
Au,
[2,4,5]
 is one of the most selective catalyst. 
Au-catalyzed reactions have also been emerging as powerful synthetic tools for 
synthesizing many types of C-C or C-hetero bonds due to its scope and application in 
various fields. Au:PVP-catalyzed aerobic homocoupling of phenylboronic acid is one of 
them.
[4a]
 It provided a convenient method for C-C bond formation under mild condition. 
Since O2 is necessary for this reaction, as well as the aerobic oxidation reactions, it is 
proposed that an electron-deficient site at the cluster surface is generated by adsorption 
of O2, which behaves as a formal Lewis acid providing a site for transmetalation of aryl 
moieties eventhough detailed mechanism has not been studied, yet. 
A general mechanism for the oxidative homocoupling involves a double 
transmetalation of two nucleophiles to give a biaryl–metal intermediate that undergoes 
reductive elimination to form the biaryl as a coupling product. The oxidant helps to 
oxidize the metal species, regenerating the catalyst for a further catalytic cycle. Despite 
a number of reports on the progress of oxidative homocoupling reactions of various 
organometallic reagents, precise mechanistic details of the catalytic reaction are still 
lacking. However, several mechanistic investigations have been performed on the 
Pd-catalyzed homocoupling reaction which involves activation of phenylboronic acid 
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by the palladium peroxo complex (4) through a classic Lewis acid–base interaction. 
Coordination of one oxygen atom of the peroxo complex to the boron atom activates the 
arylboronic acid to form a transmetalated product. A second transmetalation gives a 
biaryl Pd
2+
 species, and the final step involves reductive elimination of the biaryl with 
concomitant regeneration of Pd
0
 for the next catalytic cycle (scheme 1). 
 
Recently, homocoupling reactions using various Au-based catalysts, in which 
cationic Au species are the catalytically active sites, have been reported,
[5a,b,e,h]
 however, 
our previous report on the Au:[poly(N-vinylpyrrolidin-2-one)] (Au:PVP) nanocluster 
(NC)-catalyzed aerobic homocoupling reaction was based on a zero-valent Au as 
catalytic unit that carries a slight negative charge as a result of electron donation from 
the surrounding polymer, PVP in this case.
[4]
 Some catalytic systems are based on 
zero-valent gold, for example, Au NCs supported on Mg–Al mixed oxide (MAO),[6] for 
which the mechanism of homocoupling of phenylboronic acid involves the role of O2 as 
an oxidant in the presence of water to regenerate the Au NCs by oxidation of the 
negatively charged Au NCs that are formed during the reaction. The surface hydroxy 
 
Scheme 1. Proposed mechanism of Pd-catalyzed homocoupling reaction (reprinted 
from reference 3h). 
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groups of MAO interact with phenylboronic acid, resulting in weakening of the C–B 
bond, thereby facilitating the transmetalation process. Another report suggests that the 
homocoupling reaction catalyzed by carbon NC-stabilized Au relies on oxidation of the 
surfaces of the Au NCs by dissolved molecular oxygen,
[5f]
 which generates a positively 
charged surface Au species linked to oxygenated ligands such as O2
2–
, O2
–
, or OH
–
. In 
contrast, Boronat and Corma
[7]
 considered the activation and dissociation of a O2 
molecule to form several oxygen species adsorbed on the oxidized Au surface. This 
system generates various types of low-coordinated Au sites, such as neutral Au
0
, 
cationic Au
I
, and Au
δ+
. In catalytic systems containing cationic gold species, such as 
Au/CeO2, direct influence of oxygen in the C–C bond-forming step rather than 
adsorption and activation of phenylboronic acid has been described (Figure 1). However, 
there has been no detailed mechanistic study on aerobic homocoupling reactions 
catalyzed by Au NCs, such as Au:PVP, in which anionic Au is the catalytic species. 
 
Many theoretical studies have demonstrated the importance of activation of O2 in 
various oxidation reactions by transition metals in the form of superoxide or peroxide 
 
 
Figure 1: Calculated energy profile for a) dissociation of PhB(OH)3
–
 and b) coupling 
of two phenyl fragments on a naked Au38 nanoparticle (black line) and on a partially 
oxidized Au38 (green line). (reprinted from reference 7) 
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species. For Au in particular, molecular O2 is adsorbed and activated in the form of the 
superoxide, and dissociated species is difficult to form, as reported by Nakatsuji et al.
[8]
 
and by Roldán et al.
[9]
 During previous mechanistic investigations on the aerobic 
oxidation of methanol to formic acid,
[10,11]
 we found that Au20
–
 can be regarded as a 
good model for the Au:PVP system and that the low electron affinity of this cluster is 
energetically favorable for electron transfer from Au to the 2π* orbital of O2, resulting 
in nondissociative chemisorption on Au of O2 in the form of the superoxide. This 
electronic charge transfer plays a crucial role in selective oxidations of various 
substances. The self-coupling reaction of phenylboronic acid also requires O2, even 
though this is not an oxidation reaction. 
So, in this chapter, the mechanism of the aerobic homocoupling of phenylboronic 
acid on the Au:PVP system was investigated by using the Au20
–
 NC model and density 
functional theory (DFT) calculations to represent the experimental conditions that we 
described in the first report on the Au nanoparticle-catalyzed C–C bond-forming 
reaction.
[4]
 In particular, the key role of molecular oxygen and the necessity for basic 
aqueous conditions for this reaction was analyzed in detail. 
 
3.2 Calculation details 
For the theoretical model of Au NC:PVP system, the anionic Au20 NC was used 
including the effects of the surrounding PVP molecules
[12]
 on the energetics. All the 
calculations were carried out by using the Gaussian 09 suite of programs (revision 
B.01).
[13]
 DFT calculations with the M06 functional, which has been reported as reliable 
for reactions on Au NC through several benchmark calculations
[14]
 has been applied 
with scalar relativistic effective core potential (ECP) and double-zeta basis sets 
[3s3p2d] (LANL2DZ) for the gold atom. The 6-31G (d,p) basis sets were used for the 
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hydrogen, carbon, and oxygen atoms. Six-component d-functions were employed in all 
the calculations. A fully relaxed structural optimization was performed, where the 
doublet spin state was maintained throughout the reaction pathway. The unrestricted 
Kohn–Sham scheme was employed for open-shell electronic structure calculations. All 
the ground-state optimized structures were local minima containing no imaginary 
frequencies, and all of the optimized transition-state structures possessed only a single 
imaginary frequency, as confirmed by vibrational analysis. 
 
3.3 Result and discussion 
3.3.1 Effect of O2 and water in the adsorption and dissociation of phenylboronate 
For the formation of biphenyl via Au-catalyzed homocoupling reaction, molecular 
oxygen was expected to play a vital role.
[4-9]
 It was proposed that electron-deficient site 
are generated at the cluster surface, by adsorption of O2, which behaves as a Lewis acid 
and provides a site for transmetalation of aryl moieties during this reaction (Figure 2). 
Phenol was formed as a side product which is expected to be formed by oxidation of 
phenylboronic acid.  
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It would be expected that the mechanism associated with the Au NC catalyst 
stabilized by PVP, which involves anionic Au species, should differ from that of 
catalytic systems involving cationic Au species. Experiments have shown that the 
present reaction proceeds in a basic aqueous medium in the presence of dissolved 
oxygen. The molecular oxygen would be expected to play a key role in the Au 
NCs-catalyzed homocoupling reaction. The overall aerobic homocoupling of 
phenylboronic acid to yield biphenyl can be represented as follows: 
2PhB(OH)2 + 2H2O + Au + O2  →  Ph–Ph + 2B(OH)3 + Au + H2O2 (1) 
Phenols are often formed as byproducts in the homocoupling of arylboronic acids 
in water in the presence of dioxygen. We therefore propose that phenol is produced by 
oxidation of the phenylboronic acid by H2O2 generated during the process of formation 
of the biaryl.
[3i]
 This H2O2 is probably generated in solution by hydrolysis of 
HOOB(OH)2 as follows: 
HOOB(OH)2 + H2O  →   B(OH)3 + H2O2 (2) 
H2O2 + ArB(OH)2   →  B(OH)3 + ArOH. (3) 
 
 
 
Figure 2: Proposed Catalytic reaction cycle for the formation of biphenyl. 
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The most stable geometry is the structure in which the oxygen atom is bound 
directly to the apex site of the Au20
–
 NC. Adsorption of O2 on the Au NC surface causes 
elongation of Au–Au bond and alteration of the charge distribution on each Au atom. 
The electronic structure of the adsorbed O2 molecule is influenced by electron transfer 
from Au20
–
, resulting in the formation of a superoxo-like species that, in turn, modifies 
the electronic structure of the Au cluster surface, providing favorable sites for the 
adsorption of arylboronic acids in the homocoupling reactions (Figure 3). 
For the formation of biphenyl, adsorption and dissociation of PhB(OH)3
– 
was 
investigated including the effects of adsorbed oxygen. This PhB(OH)3
– 
anion might be 
generated at high pH values under basic conditions. The role of oxygen has been well 
explained by Wang et al. in their experiments,
[6]
 in which no biphenyl was obtained in 
the absence of oxygen, a similar finding to our previous experimental results.
[2,4]
 
In this regard, as a first step, the adsorption of PhB(OH)3
─
 was studied on bare 
Au20
–
 as well as oxidized Au20
– 
with molecular oxygen adsorbed in the form of 
superoxide (Au20O2
–
). The presence of an inorganic base is necessary for this reaction. 
The effect of the base was realized on the generation of tetracoordinated borate from 
phenylboronic acid. This causes elongation of the C–B bond from 1.558 Å in 
phenylboronic acid to 1.640 Å in its anion, facilitating the dissociation process. 
PhB(OH)3
─
 adsorbs on Au20
– 
with an adsorption energy of 15.2 kcal/mol. Here, the 
phenyl ring interacts with the flat face of the Au NC surface. Upon adsorption, the 
length of the C–B bond of PhB(OH)3
─ 
decreases to 1.631 Å, due to the interaction with 
the Au NC. On oxidized Au20
– 
(Au20O2
–
), the adsorption energy increases by 
24 kcal/mol (Figure 3) and the C–B bond length is 1.635 Å. This larger adsorption 
energy can be explained by an enhanced Lewis acid–base-type interaction between 
partially oxidized Au (Au20O2
–
) and PhB(OH)3
─
. As can be seen in Figure 4, the 
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Mulliken charge is such that adsorption of molecular oxygen provides Lewis acidic sites 
on Au NC (red font), thereby favoring the adsorption of anionic tetracoordinated borate 
species. The O1-O2 bond length increases from 1.272 Å (in Au20O2
–
) to 1.301 Å (in 
A_1) and 1.302 Å (in TS_1) upon hydrogen bonding between O2 and H1. 
 
 
Figure 3: Optimized structures of adsorption complexes and transition states. 
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In the adsorption complex A_1, PhB(OH)3
─
 forms a hydrogen bond with the O2 
atoms of Au20O2
–
, which also facilitates dissociation of the C–B bond (Figure 3). The 
distance between the O2 atom of the dioxygen and the H1 atom of PhB(OH)3
─
 is 
2.062 Å. In addition, the O1–O2 bond is elongated to 1.301 Å in A_1 from 1.272 Å in 
Au20O2
–
. This hydrogen bond also remains intact at transition state TS_1 for the C–B 
bond dissociation. We studied the base-mediated activation of phenylboronic acid; 
however, ligand (O2
–
)-induced transmetalation might also be possible. However, the 
activation barrier in the case of Au20O2
–
 is nearly the same as that in the case of bare 
Au20
–
. 
H2O and O2 are vital components in the homocoupling of phenylboronic acid. In 
many previous studies,
[2,4,5]
 for example, on the homocoupling reaction catalyzed by 
gold–carbon nanoparticle composites, water was used as a cosolvent. The 
Au:PVP-catalyzed homocoupling reaction was performed in water as a the sole 
solvent.
[4]
 Therefore, the inclusion of the solvent effect of water is relevant in the 
present system. We believe that several water molecules are associated with the NC 
catalyst surface along with PVP and that they participate in the reaction. Here, on the 
 
Figure 4: a) Mulliken charge on Au20ˉ and Au20O2ˉ, b) Energy diagram of C-B 
bond activation step (adsorption of PhB(OH)3ˉ on bare Au20ˉ (grey), on Au20
–
 and 
O2 (black), on Au20
–
, O2 and H2O (green).  All ‘A’ are adsorption complexes and 
all ‘TS’ are transition. 
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basis of the hydrogen-bonding distance, we considered one water molecule that 
interacts directly with the reactants or participates in the reaction. 
When one water molecule is included explicitly on the surface of the partially 
oxidized Au cluster (Au20O2
–
), the adsorption of PhB(OH)3
─ 
is exothermic by 53.12 
kcal/mol (Figure 4). The water molecule forms a hydrogen-bonded network with both 
O2 and PhB(OH)3
─
, with significant stabilization of the transition state; the activation 
barrier for the C–B bond dissociation decreases from 18.4 to 14.7 kcal/mol at TS1.                              
The presence of a hydrogen-bonding network is manifested in the bond lengths, the 
distances between the O2 atom of oxygen and the H2 atom of H2O (1.864 Å) or the H1 
atom of PhB(OH)3
─ 
(2.305 Å). The O1–O2 bond length becomes 1.305 Å, which is 
longer than that in A_1. Dissociation of the C–B bond on Au NC requires an energy 
barrier of 19.1 kcal/mol from A_1* and 18.8 kcal/mol from A_1. Interestingly, the 
energy for dissociation of the C–B bond over partially oxidized Au in the presence of a 
water molecule is only 14.4 kcal/mol. This result demonstrates that the water molecule 
is important for C–B bond dissociation, lowering the energy barrier by about 4 kcal/mol. 
We therefore compared the structures of the transition states for bare Au, Au–O2, and 
Au–O2–H2O (Figure 4b). In the transition state TS_1*, the C–B bond is elongated from 
1.631 Å to 2.030 Å. On Au20O2
–
, the stronger hydrogen-bonding interaction between 
dioxygen and the substrate molecule as a result of the shorter H1–O2 distance (1.394 Å) 
causes additional elongation of the C–B bond (2.041 Å) at TS_1. More importantly, 
TS1 contains two short contacts: O2–H2 (1.764 Å) and O3–H3 (1.891 Å). These cause 
significant stabilization of the transition state from A1. As a result, the C–B bond is 
significantly elongated to 2.099 Å (Figure 3). 
Dissociation of the C–B bond results in adsorption of a phenyl group on Au NC 
and interaction of B(OH)3 with O2 through hydrogen bonding in intermediate B1*. 
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Because of the oxophilic nature of boron, we considered another intermediate B1 
(Figure 5) that might be generated by nucleophilic attack of oxygen adsorbed on Au NC. 
Calculated energies for these two intermediates without considering the solvent 
molecule show that B1 is less stable than B1*. In contrast, inclusion of one water 
molecule stabilizes intermediate B1* and both intermediates have similar relative 
energies. We therefore considered intermediate B1* for the next step to generate 
intermediate C1 by a hydrolysis process. However, we could not locate the transition 
state for O–H bond dissociation of H2O. 
As described earlier, the adsorption and activation of PhB(OH)3
─ 
is favored on the 
surface of the partially oxidized Au cluster (Au20O2
–
). This phenomenon might be 
induced by the presence of an inorganic base in the reaction or by the O2
–
 adsorbed on 
Au surface. However, both processes generate a phenyl fragment and a peroxyborate 
[–OOB(OH)3
─
] species attached to the Au NC surface, as seen in intermediate B1. In 
the presence of water, [–OOB(OH)3
─
] can undergo hydrolysis to form a 
hydroperoxyborate [HOOB(OH)3
─
] species attached to the Au NC (intermediate C1). 
This [HOOB(OH)3
─
] species readily desorbs from the Au cluster to leave an –OH 
species adsorbed on the Au20 cluster (Au20OH
─
) (Figure 5). 
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Coupling of two phenyl fragment is necessary for the formation of biphenyl. 
Therefore, the adsorption and dissociation of a second PhB(OH)3
─ 
molecule was 
considered (Figure 5). The adsorption of PhB(OH)3
─
 on Au20OH
─
 gives the adsorption 
complex A2 with an adsorption energy of 4.4 kcal/mol. As in the case of A1, the phenyl 
ring interacts with the flat surface of the Au NC and one of the hydrogen atoms of 
PhB(OH)3
─ 
interacts with oxygen atom of OH with a distance of 2.220 Å at the apex 
site of the Au NC. C–B bond dissociation occurs via the transition state TS2 to form 
intermediate B2 with an activation barrier of 13.9 kcal/mol, which is nearly the same as 
that in the first step (TS1). In TS2, the interaction becomes stronger as the distance of 
hydrogen bonding decreases to 1.895 Å as a result of the significant increase in the C–B 
bond length (to 2.068 Å from 1.630 Å). The intermediate B2 contains two phenyl 
 
 
Figure 5: Energy diagram up to formation of [(Au20OH)Ph–Ph]. 
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fragments with B(OH)3 and OH
─
 attached to the Au NC. The desorption process of 
B(OH)3 is endothermic by 19.7 kcal/mol. Subsequently, the two phenyl and –OH 
species remain adsorbed on the Au NC surface, as required for the formation of the 
biphenyl product by a reductive elimination process. 
 
3.3.2 Migration of phenyl group on Au NC and reductive elimination process 
For the effective coupling, two phenyl fragments should approach to each other at 
the closest distance. Reductive elimination of two phenyl group leading to biphenyl 
occur at the edge or facet site with low-energy-barrier through spillover of phenyl group 
on Au NC. Three possible structures were considered for the reductive elimination 
process from top (Au20Ph-Ph_T), edge (Au20Ph-Ph_E) and flat face (Au20Ph-Ph_F) 
(Figure 6). Calculated activation energy at top site is in the range of 7.1 to 9.3 kcal/mol 
and at face site is in the range of 12.6-13.2 kcal/mol depending on the interaction with 
the water and/or OH
─
 species. So, both sites are possible for the reductive elimination. 
The OH
─
 and H2O species apparently assist the reductive elimination or coupling 
reaction. 
Wiberg bond indices (WBI) for the Au1–C1 and Au2–C2 bonds of some selected 
structures of (Au20Ph-Ph)
─
 that include H2O, OH
─
, or both are shown in table 2. The 
values were significantly reduced when we considered the effects of both species in 
(Au20Ph-Ph_T_OH_H2O). This implies that the presence of both OH
─
 and H2O 
adsorbed on the cluster surface in basic aqueous reaction medium facilitates the 
reductive elimination process by weakening the Au–C bond, thereby enhancing 
biphenyl formation. Simultaneously, the C1–C2 distance is significantly reduced and 
the C1–Au1–C2 bond angle is decreased. 
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Table 1. Role of O2 and H2O in the reductive elimination 
 
Structure 
Activation energy (kcal/mol) 
Au20
–
 Au20
–
 and -OH
–
 Au20
–
, -OH
–
, and H2O 
Au20Ph-Ph_T 9.3 8.5 7.1 
Au20Ph-Ph_E 26.6 – 24.6 
Au20Ph-Ph_F 13.2 12.8 12.6 
 
 
 
Figure 6: Energy diagram for spillover of phenyl group and reductive elimination 
process with optimized structures of Au20
─
 with phenyl groups. 
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Table 2. Wiberg bond indices in Au20Ph-Ph showing the roles of the base and H2O. 
 (Au20Ph-Ph_T)
–
 (Au20Ph-Ph_T_OH)
‒2
 (Au20Ph-Ph_T_H2O)
‒2
 (Au20Ph-Ph_T_OH_H2O)
 ‒2
 
Au1–C1 0.5682 0.5648 0.5690 0.5606 
Au1–C2 0.5674 0.5690 0.5662 0.5624 
RC1–C2  
   (Å) 
3.099 3.036 3.178 2.946 
θC1-Au1-C2    
   (˚) 
93.90 92.13 96.25 89.14 
 
3.3.3 Mechaism of phenol formation 
When the reaction is conducted in a protic polar solvent such as water, 
considerable amounts of phenol are formed as a byproduct together with biphenyl. 
Conversion of the C–B bond into a C–O bond via a phenylperoxyborate intermediate 
might be promoted in protic solvents, resulting in phenol formation. In the 
Au:PVP-catalyzed homocoupling, even though the reaction is conducted in an aqueous 
solvent, the selectivity toward biphenyl is higher than that toward phenol. This implies 
that the conversion of the C–B bond into a C–O bond has a higher activation barrier 
than that to a C–C bond. 
To understand the selectivity of the reaction, the mechanism of phenol formation 
on Au20
─
 was studied. The same mechanism was calculated as a noncatalytic process, 
and compared with the catalytic one. As shown in Scheme 3, nucleophilic attack by 
OOH
─ 
on PhB(OH)2 generates the hydroperoxyborate complex X1. Oxidation of the 
C–B bond to a C–O bond takes place through the transition state TS_X1. This step has 
an activation barrier of 25.8 kcal/mol in the gas phase. However, on the surface of Au 
NC, this step requires an energy of 18.2 kcal/mol, which is much lower than that for the 
noncatalyzed process (Figure 7). This would suggest that phenol formation should be 
accelerated on the catalyst surface. However, this energy barrier is higher than the 
highest barrier (14.7 kcal/mol) required for C–C bond formation. This explains the high 
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selectivity toward biphenyl over phenol. Direct reductive elimination of phenyl group 
and –OH from the more negatively charged Au NC surface can be ruled out because of 
very high energy barrier (40.8 kcal/mol) calculated for the process (figure 5). 
 
3.4 Conclusion 
In this chapter, the author successfully investigated the mechanism of aerobic 
homocoupling of phenylboronic acid on Au NC surface. The surface of the Au NC is 
oxidized by the dissolved molecular oxygen in the form of superoxide O2
−
 in the first 
step of the catalytic cycle which is important for transmetallation step. In parallel, 
mechanism of phenol formation was also studied. It is illustrate that base and water play 
non-negligible role in activating Au NCs through electron donation and hydrogen 
bonding. 
 
 
 
Figure 7: Energy diagram for Au-catalyzed (gray line) and noncatalytic (black line) 
processes for the formation of phenol. 
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Chapter 4 
 
 
Theoreoretical and Experimental Studies on Gold‐based Bimetallic 
Nanocluster Catalysts 
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4.1 Introduction 
The concept of impurity doping of one metal on the other to generate bimetallic 
system have become very useful because of the enhanced catalytic activities, 
selectivities, and stabilities of bimetallic NCs in comparison to their single-metal 
counterparts.
[1] 
Especially, Au/Pd bimetallic alloy has superior catalytic activities in 
various types of reaction under mild conditions.
[2-8]
 The activity and selectivity of Pd 
catalyst can be enhanced by alloying with Au due to the synergistic effects of bimetallic 
surfaces,
7d–e
 such as ensemble and the ligand effect.
1b
 Furthermore, bimetallization can 
result in stabilization of nanoparticles in cases where one metal acts as stabilizer for the 
other, preventing aggregation
1b,7e-f
 which is a major limitation of Pd NPs chemistry in 
coupling reactions because once oxidative addition happens, Pd
2+
 will form and it will 
no longer stay on the surface in the absence of a strong ligand or stabilizer (Scheme 1).  
 
PVP-stabilized bimetallic Au/Pd alloy NCs show efficient catalytic activity for 
C-Cl bond activation towards Ullmann coupling reaction using DMF as solvent and 
reducing agent (Scheme 2a path a). Through DFT calculation of the reaction mechanism, 
the author realized that both Au and Pd cooperatively participate in oxidative addition 
step of C-Cl bond and spillover of Cl over gold is a crucial step in the reaction, that 
 
Scheme 1: a) Proposed oxidative addition mechanism on Pd catalyst resulting in 
leaching and aggregation. 
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drives the reaction through heterogeneous path due to spillover process of chlorine atom 
on the bimetallic surfaces preventing the homogeneous path (Scheme 2b) which is 
unlikely in the case of monometallic Pd surgaces.
[8a]
 This reaction cannot be catalyzed 
by Pd NCs because of difficulty in Pd
2+
/Pd
4+
 cycle during second oxidative addition 
process. To understand the effect of Pd doping on Au, hydrodechlorination reaction is a 
good model reaction. For Pd, eventhough it is difficult to activate C-Cl bond, once it is 
activated, Pd may be released as Pd
2+
 ion in solution due to oxidative addition process 
(Scheme 2b). Instead, if the author uses a hydride source (Scheme 2a path b), it will 
possibly undergo reduction, giving arene as the product even through usual 
homogenous mechanism and release the Pd
0
 which can be captured by Au as a 
stabilizing ligand. In this work, the author attempts to trap it by Au during 
hydrodechlorination reaction and tune the reaction mechanism from homogenous to 
heterogenous.
 
4.2 Experimental Section 
Preparation of monometallic Au, Pd and bimetallic Au/Pd NCs 
Monometallic Au:PVP, Pd:PVP and bimetallic Au/Pd:PVP nanoclusters were 
prepared by the method reported in our previous reports.
1-3
 278 mg (2.50 mmol, 
monomer unit of polymer) of PVP (K-30) was placed in a hard glass test tube (φ = 42 
mm) and dissolved in 44 mL of Milli-Q water. Require amount of HAuCl4 (from 25 
 
Scheme 2: a) Proposed oxidative addition mechanism on Pd and Au/Pd catalyst, b) 
C-Cl bond activation by Au/Pd:PVP bimetallic catalyst. 
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mM stock solution) and PdCl2 (from 12.5 mM stock solution) was added to the solution 
and final concentration of metal solution were made 0.5 mM (1:100 metals to polymer 
ratios). The resulting solution was stirred for 30 min at 27 °C. The solution was 
maintained 15 °C except for the case of Au NCs (at 0 °C) before reduction in organic 
synthesizer (EYELA, PPS-2510) and an aqueous solution (5 mL) of NaBH4 (20 mg, 
0.52 mmol) was added rapidly under vigorous stirring (1700 rpm). The color of the 
mixture was changed, indicating the formation of nanoparticle. Thus obtained Au, Pd 
and Au/Pd:PVP clusters were deionized subsequently by passing the colloidal solution 
through a membrane filter with a cut-off molecular weight of 10 kDa using a centrifugal 
ultrafiltration device (Vivascience, Vivaspin 20). The collected dispersion was then 
dried using a lyophilizer for catalytic reactions and characterizations. 
General Procedure for dechlorination of 4-Chloro-1-methoxybenzene (1a) in the 
presence of Au, Pd or bimetallic Au/Pd as a catalyst.  
A 15-mm-diameter test tube was charged with 4-chloro-1-methoxybenzene (1a; 0.1 
mmol) and KOH (0.15 mmol, 150 mol%) under argon. A hydrosol of 2 atom% Au:PVP, 
Pd:PVP, a mixture of Pd:PVP and Au:PVP, or Au/Pd:PVP in i-PrOH (3 mL) was added, 
and the mixture was stirred at 1300 rpm at the desired temperature in an organic 
synthesizer (EYELA, PPS-2510). The reaction was then quenched with 1 M HCl and 
the mixture was extracted with EtOAc (3 × 10 mL). The extracts were combined, dried 
(Na2SO4), and diluted to an exact volume in a volumetric flask. The yields were 
determined by GC, with hexadecane as a standard reference. 
Dechlorination reaction of other chloroarenes were performed in similar conditions 
as optimized for 4-chloro-1-methoxybenzene using 2-4 atom% Au/Pd:PVP catalyst, 3-5 
ml i-PrOH, 150-400 mol% base and 25-65 °C under argon. Yields of the desired 
products were reported as isolated yield or GC yield. 
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Kinetics of 4-Chloro-1-methoxybenzene:  
0.3 mmol of 1 and 150 mol% of NaOH (0.45 mmol, 18.0 mg) were placed in a test 
tube (φ=30 mm). A hydrosol of Au:PVP, Pd:PVP or Au/Pd:PVP (2 atom%) in i-PrOH 
(9 ml) was added and argon was supplied from balloon without degassing the solution. 
The reaction was stirred vigorously (1300 rpm) at 25 °C. 0.1 mL of reaction mixture 
was sampled in each time intervals, then immediately quenched by 1 M HCl and 
extracted with ethyl acetate (0.5 mL x 3 times). GC yields of product were determined 
by using hexadecane as internal standard. The decay of substrate was monitored by the 
time dependent curve of yield of products or decay of substrates. 
Characterization of catalyst before and after reaction 
Two parallel sets of reaction were carried out in organic synthesizer (EYELA, 
PPS-2510). In one test tube (T1) (φ = 15 mm), 4-Chloro-1-methoxybenzene (0.1 mmol) 
and base KOH (150 mol%) were charged. A hydrosol of Au:PVP (1 atom%) and 
Pd:PVP (1 atom%) in i-PrOH (3 ml) was added and argon was supplied from balloon 
without degassing the solution. Same process was followed for the second test tube (T2) 
except the substrate 4-Chloro-1-methoxybenzene. Both the reaction were stirred 
vigorously (1300 rpm) at 45 °C for 12 h. Then the reaction mixtures were filtered and 
washed by water to remove organic and inorganic compounds. Both of the catalyst after 
treatment was subjected to transmission electron microscopy (TEM, JEOL 
JEM-3100FE and JEM-2100F) and scanning transmission electron microscopy–energy 
dispersive X-ray spectroscopy (STEM-EDX) analysis. The sample from test tube T1 is 
considered as after reaction and T2 as before reaction. The scanning transmission 
electron microscope (HITACHI, HD-2700) attached an energy-dispersive X-ray 
detector (EDAX, Apolio XLT) was operated at 200 kV. 
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4.3 Result and discussion 
4.3.1 Hydrodechlorination of Aryl Chlorides: Catalyst test 
Dechlorination reaction of 4-chloroanisole 1 was investigated in 2-propanol as 
solvent and hydrogen donor. First, we attempted to identify optimal conditions for the 
dechlorination reaction on the basis of the optimized conditions for Ullmann coupling 
reaction (Table 1a, entry 1). The reaction was carried out in the presence of Au/Pd:PVP 
as a catalyst and potassium hydroxide as the base in dimethyl sulfoxide (DMSO), no 
reaction occurred because of the nonreducing nature of the solvent (entry 2). However, 
the yield of dechlorination product methoxybenzene (2) increased in alcohol solvents. 
Reactions in 1:1 mixtures of methanol, ethanol, or propan-2-ol with water gave 2 in 
yields of 22%, 63%, and 70%, respectively (entries 3–5) and without water in ethanol 
(78%) and propanol (>95%) (entries 6–7). The best conditions involved the use of 
anhydrous propan-2-ol as the sole solvent; under these conditions, the reaction was 
completed within one hour at 45 °C and five hours at 25 °C giving >95% yield of 2 
(entry 7-8). The optimized or slightly modified reaction conditions were applied to the 
dechlorination of various substrates including polychlorinated compounds and the 
results are summarized in Table 2. Under the conditions, polychlorinated compound 
such as dichlorobiphenyl and dichloroanthracene can be completely dechlorinated. 
 The efficiency of various Au and Pd catalysts for the dechlorination reaction was 
compared by performing the reaction of 1-chloro-4-methoxybenzene (1) for 1 h (Table 
1). The highest catalytic activity was shown by Au/Pd bimetallic alloy nanoparticles, 
which gave 2 quantitatively (Table 1, entry 7). The dechlorination reaction of 1 did not 
proceed when Au:PVP was used as a catalyst (entry 9), whereas Pd:PVP did give 2. 
only 24% (entry 10), while the physical mixture of the two monometallic catalysts 
Au:PVP and Pd:PVP (Au + Pd) gave 51% yield, which was higher than that obtained 
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with Pd:PVP alone (entry 11). To test the effect of Au on the catalytic activity of Pd, we 
performed the reaction under identical conditions using physical mixtures of the two 
monometallic catalysts in varying Au and Pd ratios (Figure 1) . Even a small amount of 
Pd in Au, or vice versa, enhanced the catalytic activity to a value higher than that 
displayed by Au or Pd alone.  
 
Table 1: Optimization of reaction condition and catalyst test 
 
 
 
[a]
 Reaction conditions: 1 (0.1 mmol), catalyst (2 atom%), KOH (150 mol%), solvent (3 mL), 45 °C, 
under argon. 
[b]
 Yield by GC analysis. 
[c]
 At 25 °C. 
[d] 
1 atom%. 
a 
5 
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Table 2: Catalytic dechlorination reaction of chloroarenes using Au/Pd:PVP catalyst 
 
[a]
 Isolated yield. General reaction conditions: 2 atom% catalyst, 150 mol% KOH, solvent i-PrOH (3 
mL). 
[b]
 GC yield. 
[c]
 400 mol% KOH. 
[d]
 solvent i-PrOH (5 mL).  
[e] 
400 mol% KOH. 
[f]
 4 atom% 
catalyst, 600 mol% KOH, solvent i-PrOH (5 mL).  
 
 
Figure 1: Relationship between catalytic activity and various Au/Pd ratios in 
physical mixture of Au:PVP and Pd:PVP. 
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4.3.2 Kinetic studies of Hydrodechlorination of Aryl Chlorides 
Measurements of the kinetics of consumption of 1 (Figure 2) showed differences in 
the catalytic activities of Au/Pd alloy, Pd, and (Au + Pd) nanoparticles. The reaction 
with bimetallic Au/Pd:PVP was a very fast second-order reaction with a rate constant 
for consumption of 1 of k = 5.6 × 10–1 Lmol–1h–1. The reaction with monometallic 
Pd:PVP, on the other hand, was very slow and showed first-order kinetics. The 1:1 
physical mixture of Au:PVP and Pd:PVP show a reactivity that was intermediate 
between those of the two monometallic catalysts. At the beginning of the reaction, the 
catalytic activity of Pd:PVP (2 atom%) was higher, and the reaction rate was almost 
double than that observed with Au:PVP (1 atom%) + Pd:PVP (1 atom%) mixture. 
However, after two hours, the activity of the Au + Pd mixture gradually increased in 
comparison to that of Pd alone. The kinetic of consumption of 1 in the presence of the 
Au + Pd mixture at 25 °C showed a linear fit to the first-order plot of –ln[A] versus 
time, with an observed rate of consumption of 1 (k1a) = 3.7 × 10
–2
 h
–1
 for the initial 2 
hours of reaction. However, the slope then increased significantly, corresponding to an 
increase in the rate to 4.6 × 10
–2
 h
–1
 and a change in the order of the reaction (Figure 
2b). 
 
 
Figure 2: (a) Time-dependent consumption of 1 at 25 °C in hydrodechlorination 
reaction; (b) plot of –ln[A] vs time for (Au+Pd). ([A] = concentration of 1 with 
time). 
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On the basis of the above results, we hypothesized that leaching might occur from 
the surface during catalysis by monometallic Pd due to oxidative addition of the C–Cl 
bond. This species must be exclusively responsible for the initial catalytic activity 
through a homogeneous mechanism because Au:PVP on its own shows no activity in 
the reaction.  In the presence of gold, in situ reduction of Pd(II) under the reaction 
condition might lead to the Au/Pd bimetallic catalyst with high dispersion of Pd on Au 
(Table 1, entry 11).  
 
4.3.3. Characterization of catalyst before and after reaction 
In order to test the hypothesis, the reaction 1 were carried out using base KOH and 
physical mixture of two catalyst Au:PVP (1 atom%) and Pd:PVP (1 atom%) in i-PrOH 
at 45 °C for 12 h and the catalyst recovered from the reaction mixture was subjected to 
 
Figure 3: TEM images and size distribution of (Au+Pd):PVP a) before and b) after 
reaction. 
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transmission electron microscopy (TEM) analysis. TEM images shows that before 
reaction, only Au:PVP (1.6 ± 0.4 nm) and Pd:PVP (3.9 ± 0.6 nm) NCs exists separately 
[Figure 3], however, after the reaction, morphology of nanoclusters changes with a 
growth in the size of the NCs. STEM-EDX data showed the existence of bimetallic NCs 
containing various amounts of Au and Pd (Table 3). Most of the particles are 
polymorphological with non-uniform lattice pattern.  But, some particles show 
uniform lattice pattern with single crystallinity possessing two metals (Figure 4). This 
supports that the enhanced catalytic activity of Pd is due to the dilution of surface Pd 
atoms by gold in forming these very few numbers of Au rich Au/Pd bimetallic NCs in 
situ. 
 
 
 
Figure 4: a) Bright-field and b) high-angle annular dark-field (HAADF) STEM images of 
particle 1 after reaction. c) STEM-EDX spectrum of particle 1. d) Bright-field (left) and 
HAADF STEM images of a polymorphic particle formed after reaction. 
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4.3.4 Mehanism of reaction 
Therefore two catalytic cycles were proposed for the observed reactivities of 
monometallic and bimetallic nanoparticles, respectively, (Figure 5). The catalytic 
reaction involving the bimetallic nanoparticles follows a heterogeneous mechanism and 
occurs on the surface of the catalyst (cycle A) because of the spillover of Cl over gold. 
The process is very fast, with no aggregation or deactivation of the catalyst at any stage 
of the reaction. In the case of monometallic Pd:PVP in the absence of Au, the catalyst 
shows a homogeneous reaction mechanism (cycle B) through leached Pd. This is a slow 
process and, as the reaction proceeds, the Pd
0
 species becomes gradually deactivated 
through aggregation, with the formation of Pd black. In the presence of Au, however, 
the leached palladium species that are present in solution are captured by Au to form 
bimetallic Au/Pd:PVP And  both catalytic cycles operating simultaneously in the case 
of physical mixtures of Au:PVP and Pd:PVP. 
 
Table 3: Composition of Au/Pd bimetallic nanoparticle formed during the reaction 
(STEM-EDX). The particle numbers correspond to the numbers marked on the nanoparticles 
in the HAADF-STEM image 
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4.4 Conclusion 
In this chapter, the author found that the mutual influence of two metals Au and Pd 
can lead to higher catalytic behavior which is different than that of the monometallic 
NCs, through “synergistic effects”. The author found that, Au helps to capture and 
stabilize Pd, and the produce a bimetallic system in situ that catalyzes the reaction by a 
different mechanism, enhancing the catalytic activity. This can be a potential method 
for stabilization of leached Pd using Au as a stabilizer. 
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Conclusion 
In this thesis, the mechanism of reactions catalyzed by gold and gold-based 
bimetallic nanocluster catalysts were investigated theoretically and experimentally. 
In chapter 2, through mechanistic study of methanol oxidation reaction, The author 
found that the shape of cluster model can affect coordination number of the gold atom, 
and charge distribution on Au which in turn can affect the reaction pathways of the 
aerobic oxidation of methanol. In addition, it was realized that Au20ˉ can be considered 
as a good model to reperesent Au:PVP system which can be applied for further 
investigation of other reactions catalyzed by Au:PVP NCs. 
In chapter 3, the mechanism of aerobic homocoupling reaction of phenylboronic 
acid was studied comprehensively on Au20ˉ. The results clearly explained that O2 
adsorption activates Au NCs by generating lewis acid sites and the cooperative effect of 
O2 and H2O play an important role in the adsorption and dissociation steps of C-B bond 
for transmetallation and reductive elimination. The spillover process of phenyl group on 
Au NCs facilitated reductive elimination from top and facet sites with low energy 
barrier. Furthermore, mechanism of phenol formation was also studied..  
In chapter 4, bimetallic effect of the Pd doped on Au was studied for C-Cl bond 
activation in Ullmann coupling and Hydrodechlorination reaction. Monometallic and 
bimetallic catalysts were found to behave differently in the hydrodechlorination reaction 
following different mechanism. This doping strategy is helpful for design of new 
catalyst employing bimetallic effects.  
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